INTRODUCTION
Recently there has been a burgeoning of interest in the topic of metabolically active as opposed to inactive bacteria in aquatic environments. This is partly due to the increased awareness of the centrality of bacterial activity in the cycling of materials and energy within almost all aquatic ecosystems and the realization that simply counting bacterial cells gives only very limited information concerning the role of bacteria in these systems. As a result, a variety of methodological approaches have been developed in an effort to identify the metabolically active bacteria against the background of total cell counts as usually obtained with DAPI (Porter & Feig 1980) or Acridine Orange (Hobbie et al. 1977) staining.
ABSTRACT: Three staining methods were used to identify metabolically active bacteria in Lake Kinneret, northern Israel: CTC, DAPI staining followed by a propanol wash, and the Molecular Probes Live/Dead stain. Positive results from these methods purport to show, respectively, actively respiring bacteria (CTC+), cells with intact nucleoids (NuCC), and cells with intact membranes (MEM+). Concomitantly, bacterial metabolic activity was measured as electron transport system (ETS) flux, O 2 uptake, activities of peptidase, β-glucosidase and lipase, and rate of leucine incorporation in monthly samples taken for 2.5 yr at a pelagic lake station. Laboratory experiments followed changes during 22 or 40 h in the percentages of 'active' bacteria in GF/C-filtered lake water with or without substrate enrichment or antibiotic inhibitors of cell division, or with bacterivorous protists. In lake samples, each of the staining methods detected different aspects of cellular state or metabolic activity but all 3 indicated low percentages of 'active' bacteria relative to total bacterial abundance. CTC+ ranged from 1.0 to 27.3% (average 5.1%), NuCC from 1.4 to 42.9% (average 8.3%) and MEM+ from 1.0 to 29.9% (average 8.8%), with no clear seasonal or spatial patterns. No significant correlations were found between the proportions of 'active' bacteria in lake water as determined by these methods, although such correlations were observed in the laboratory experiments. Significant correlations were obtained between ETS and O 2 uptake, peptidase and β-glucosidase, and between leucine incorporation and peptidase. ETS was significantly correlated with CTC+ and NuCC cell abundance, but not with total bacteria (DAPI counts). In contrast, peptidase activity correlated with total bacterial counts. Results of time course experiments indicated that some bacteria which initially appear to be inactive can become active when stimulated by substrate addition, even though cell division is inhibited. Grazing by protists increased the percentage of active bacteria, at least during the active predator-prey phase. Our data support the hypothesis that in natural waters usually only a small fraction (probably < 20%) of the entire bacterial assemblage is strongly active metabolically at any given time. This proportion may increase dramatically with localized substrate inputs. The concept of bacterial assemblages, heterogeneous not only in terms of phylotype, but also in terms of levels of metabolic activity will need to be considered in future aquatic ecosystem models.
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A frequently used method of appraising the fraction of metabolically active bacteria in recent years has been based on the utilization of the fluorogenic tetrazolium dye CTC. This method of identifying actively respiring bacterial cells in natural water samples was first used by Rodriguez et al. (1992) . However, the ability of CTC to discriminate live, active cells from dead or inactive cells has been the subject of some debate (Ullrich et al. 1996 , Choi et al. 1999 , Sherr et al. 1999a . Generally, the percentages of CTC+ cells observed in marine samples have been low, usually < 5 to 10% of total counts. Ullrich et al. (1996 Ullrich et al. ( , 1999 have argued that little validity can be given to CTC results because the dye poisons bacterial metabolism. In contrast, Sherr et al. (1999a, b) , inferred that CTC+ cells represent the 'very active' fraction of the total, and concluded that CTC provides a useful tool to follow metabolically active populations. For example, Smith (1998) found that the cell abundance of CTC+ was highly correlated to microplankton respiration in Chesapeake Bay. Moreover, Choi et al. (1999) showed that even the initially CTC-negative cells present in coastal seawater could become positive (CTC+) with incubation and substrate addition. Recently Sieracki et al. (1999) have shown that, for marine bacteria, CTCstained cells could be enumerated with flow cytometry with much higher sensitivity than by microscopic observation.
At least 2 other staining techniques have been proposed to identify metabolically active bacteria. Zweifel & Hagström (1995) introduced a method based on n-propanol washing of DAPI-stained bacteria. This procedure permits visualization of nucleoid-intact as opposed to nucleoid-missing or damaged cells. Another approach has been to use a combination of 2 dyes (Syto 9 and propidium iodide, Live/Dead stain, Molecular Probes, Eugene, Oregon, USA) to distinguish between membrane intact (live) and membrane damaged (dead) cells (Choi et al. 1996 , Williams et al. 1998 , Gasol et al. 1999 .
The principal aim of this study was to use the above approaches to estimate the proportion of the total bacterial population, as determined by direct microscope counting of DAPI-stained samples, that was live and metabolically active in Lake Kinneret, northern Israel, at different seasons and water depths. Some parameters related to microbial activity in bulk water (bacterial production and respiration, hydrolytic enzyme activities) were determined in parallel water samples. We also examined the effect of incubating Lake Kinneret water with nutrient additions on the numbers and proportions of active bacteria. In addition we experimentally evaluated the impact of protistan grazing on the relative abundance of metabolically active bacteria.
MATERIALS AND METHODS
Lake sampling program. Lake Kinneret in northern Israel is a monmictic, meso-eutrophic, relatively large lake (170 km 2 area, ~40 m maximum depth) with an annual, net primary productivity of 610 g C m -2 yr -1 (Berman et al. 1995) . Water samples were taken at almost monthly intervals from May 1997 until January 2000 at a central lake station (Stn A) from 3 depths: 1 m (near surface), 19 m (or at thermocline depth during stratification) and 38 m (deep hypolimnion). Samples were assayed for numbers of total and 'active' bacteria (see below) and bacterial productivity, determined by incorporation rate of radio-labeled leucine (Kirchman et al. 1985 , Simon & Azam 1989 . Parallel samples were filtered through GF/C Whatman filters to remove essentially all of the phytoplankton. The filtrates were assayed for respiration rate, measured by O 2 uptake in dark bottles with a high precision Winkler method and by the 'electron transport system activity' (ETS) method of Packard (1971) , as modified by Kenner & Ahmed (1975) . Peptidase, β-glucosidase and lipase enzyme activities were also determined in these samples using respectively the fluorogenic substrate analogs MCA-leucine, MUF-glucose and MUF-oleate (Hoppe 1993) . Chlorophyll concentrations were determined in all lake water samples by fluorometric analysis of acetone extracts (Holm-Hansen et al. 1965 ). We used 3 staining procedures that purport to detect 'active' as opposed to 'total' (DAPI-stained) cells by different criteria:
(1) Staining with the water soluble fluorogenic ester, 5 cyano-2,3 ditolyl tetrazolium chloride, CTC: When reduced as a result of respiratory electron transfer, this compound yields a strongly fluorescent precipitate within microbial cells which can be detected by direct observation with epifluorescent microscopy or by flow cytometry (Sieracki et al. 1999) . In this method, a 50 mM stock solution of CTC was prepared, pretreated in a sonication bath for 1 h and filtered through a 0.2 µm Acrodisc filter. Samples of lake water (1 ml) were incubated with a final concentration of 5 mM CTC (Choi et al. 1999 ) for 2 h in the dark, at ambient lake temperatures. Subsequently, the samples were fixed with a final concentration of 4% formalin and vortexed. The samples were then diluted (1:5 or 1:10), counter stained with DAPI (5 µg ml -1 ) and filtered through black 0.2 µm Nuclepore filters. The filters were mounted on microcope slides which were stored at -10°C, and subsequently thawed and examined within 24 h. Total bacterial cells were counted at 1250 × magnification by DAPI blue fluorescence (Zeiss #4877-02) and then with green excitation (Zeiss #4877-15) for red fluorescing (i.e., highly ETS-active) CTC+ cells (Choi et al. 1999) .
(2) DAPI staining followed by propanol wash: This method, which was introduced by Zweifel & Hagström (1995) , may distinguish between bacterial cells with intact nucleoids, NuCC (which presumably retain their metabolic integrity), and non-NuCC cells (which are presumed to be inactive).
We slightly modified the procedure of Zweifel & Hagström (1995) and Choi et al. (1996) . Lake water samples were fixed with 4% (final concentration) borate buffered formalin and diluted 1:10 or 1:5 before staining. A 5 ml portion of diluted sample was incubated with 0.5 ml of DAPI (final concentration 10 µg ml -1 ) in the dark for 5 min and then filtered onto a 0.2 µm black Nuclepore filter. The organisms on the filter were washed 5 times with 1 ml warm (70 to 80°C) iso-propanol. The filter was then mounted on a microscope slide and the bacteria were observed immediately by DAPI fluorescence. Cells with yellow staining interiors were counted as NuCC positive or 'active' cells.
(3) Live/Dead staining: The Syto 9/propidium iodide Live/Dead stain (Molecular Probes) differentiates between bacterial cells with or without intact cell membranes. In this method, all cells are stained with the green-fluorescing Syto 9 stain, but only cells with compromised, or damaged, membranes permit the passage of the red fluorescing stain, propidium iodide, into the cell.
The Live/Dead stain was prepared by mixing equal volumes of Stain A and Stain B. Suitably diluted (1:5 or 1:10) samples of lake water were fixed with 4% glutaraldehyde and 5 ml of 0.1 M carbonate buffer, pH 9. A 3 µl portion of the mixed stains A+B was added, and after 10 min incubation in the dark the sample was drawn through the filter. The filter was mounted on a small drop of water on a microscope slide, and a drop of Molecular Probes Mounting Oil was placed on top of the filter, which was then sealed with a cover slip. The cells were viewed immediately under epifluorescence (Zeiss #487714 and #487702 ). Red cells were counted as membrane compromised, or 'dead', cells (MEM-), while green fluorescing cells were counted as 'live' or 'active', i.e., membrane intact (MEM+).
All microscope observations were made at 1250× magnification with a Zeiss Axiomat microscope equipped with a 100 W mercury bulb and a Zeiss Attoarc controller. At least 10 random fields were counted for all samples. In order to examine possible inter-relationships between measured parameters (bacterial numbers, proportions of active bacteria, metabolic determinants), discrete, single pair simple regression analysis was made using GBstat 6.5 software (Dynamic Microsystems Inc.).
Laboratory experiments. In order to assess the potential impact of nutrient additions on the proportions of active bacteria we ran a series of 9 laboratory experiments using lake water amended with phosphorus (as KH 2 PO 4 ), nitrogen (as NaNO 3 and NH 4 Cl) or an organic supplement (Difco tryptose, a hydrolyzed protein digest). In some runs, we also checked the effect of adding a mixture of trace metal ions.
Nutrient addition experiments: Water samples taken from 1 m depth at a pelagic lake station were passed through GF/C filters to remove most of the larger organisms and particulates leaving essentially bacteria and viruses in the filtrate. Portions (600 ml) of the filtrate were distributed into duplicate 1 l flasks and incubated in the dark at near ambient lake temperatures ranging from 20 to 28°C. Additions were made to separate flasks as follows: (1) nitrogen, 100 µM (as 50 µM NH 4 Cl and 50 µM NaNO 3 ); (2) phosphorus, 10 µM (as KH 2 PO 4 ); (3) nitrogen + phosphorus (1 plus 2); (4) Difco tryptose protein hydrolysate, 0.02%; (5) glucose, 0.02%; (6) trace metals (0.2 µM Zn, 0.4 µM Fe, 0.2 µM Mo, 0.05 µM Mn, 0.04 µM Co); (7) phosphorus + trace metals (2 plus 6); (8) nitrogen + trace metals (3 plus 6). These concentrations of supplements were made to ensure nutrient sufficiency for bacterial outgrowth and are between 5-and 10-fold the maximum concentrations found in the lake. Control flasks received no additions.
Time course experiments: Another series of 8 experiments was run with GF/C-filtered lake water to follow the changes in the percentage of active bacteria over time after sampling with or without addition of tryptose as a growth factor. In the time course experiments made after June 1998 we also added a parallel series of flasks supplemented with an antibiotic mixture (naladixic acid, promidic acid and piperidic acid; Kogure et al. 1987) in order to stop cell replication but not overall metabolism (Choi et al. 1999 ). Samples were withdrawn from the flasks immediately at the start of the incubations and at various times subsequently (for time course experiments) or after 24 h (for nutrient addition experiments). These samples were then analyzed for live and metabolically active bacteria (CTC, NuCC and Live/Dead staining methods). In most of the nutrient addition and time course experiments, ETS, O 2 respiration and radioactive leucine incorporation were also measured in parallel.
Impact of flagellate or ciliate grazing on proportion of active bacteria: A mixture of small heterotrophic flagellates (mainly Bodo sp.) or, in one case, a monoculture of ciliates (Colpoda) previously grown on a mineral medium with added bacteria, was washed on a 1 µm screen with 5 portions of 0.2 µm filtered lake water and then resuspended in 0.2 µm GF/C-filtered lake water. In 3 out of 4 experiments, parallel treatments with 0.02% tryptose addition were also prepared. The treatments were incubated in the labora-tory at ambient lake temperatures in the dark for 3 or 4 d and the proportions of CTC+, NuCC or MEM+ in the total (DAPI) bacterial population were monitored daily.
RESULTS
Lake sampling program
In Fig. 1 we show the concentrations of chlorophyll and the total bacterial counts determined with DAPI staining in the near surface waters (1 m depth) from May 1997 through January 2000. Near surface chlorophyll concentrations ranged from 148 µg l -1 (during a Peridinium bloom) to 5.4 µg l -1 , bacterial abundance varied from 1.3 × 10 7 to 2.2 × 10 6 cells ml -1
. Although in some cases the total bacterial counts appeared to increase and decrease in tandem, or after a slight lag, with the chlorophyll concentrations (e.g., March-May 1998; May 1999), there was no significant correlation between these parameters. Total bacterial abundance at other depths was essentially similar to that at 1 m and followed the same general seasonal pattern (data not shown).
In samples from the lake profiles, all 3 staining methods used to determine metabolically active bacteria gave low apparent levels of 'live and active' compared to 'inactive' cells (Table 1) . Generally, the lowest percentage of 'active' cells was recorded with the CTC assay. No clear seasonal pattern of elevated or depressed percentages of CTC+, NuCC or MEM+ cells was observed from mid-1997 through January 2000, although there was some tendency toward higher proportions of CTC+ during late autumn and winter months in samples from 38 m (Fig. 2) . Contrary to expectation, direct comparison of the proportions of 'active' bacteria, determined in the same lake water samples, did not show any significant correlations between the 3 different methods. This was found both for the entire data set from lake profiles and for data from each of the 3 sampled depths (0, 19 and 38 m) taken separately.
Six other independent parameters related to potential microbial activity were determined in lake water samples: rate of leucine incorporation (a measure of bacterial productivity), ETS and O 2 uptake (indicators of respiratory activity) and the enzymatic activities of peptidase, β-glucosidase and lipase. Single pair regression analysis showed that the rates of leucine incorporation were significantly positively related to both the ambient concentrations of chlorophyll and photosynthetic carbon fixation rates (Table 2) . Significant correlations were also found between leucine uptake and peptidase (but not β-glucosidase or lipase) activity, between ETS and O 2 uptake, between ETS and peptidase and between ETS and β-glucosidase (Table 2) . No correlations were observed between ETS and leucine incorporation.
Of the 3 measured enzyme activities, β-glucosidase activity was consistently higher than peptidase activity; while lipase activity was always the lowest, based on molar rates of substrate hydrolysis (Table 3) . Generally hydrolytic enzyme activity decreased with depth, although occasionally maximum activities were found in thermocline samples when the lake was strongly stratified (data not shown). No significant correlations were found between these 3 enzyme activities.
We regressed the levels of metabolic activities (ETS activity, radioactive leucine incorporation and peptidase activity) to the numbers of total (DAPI) counts or 'active' (CTC+, NuCC or MEM+) cells. ETS activity was significantly directly correlated to the numbers of CTC+ and NuCC cells (albeit with low correlation coefficients) but not to total bacterial counts (Table 4) . Leucine incorporation rates showed no correlation to either total or 'active' bacterial numbers. Surprisingly, we found that peptidase activity from 1 and 19 m depths was significantly directly correlated to total (DAPI-stained) bacterial counts but not to the numbers of CTC+, NuCC or MEM+ cells. No relationships were observed between any of the activity parameters and numbers of MEM+ bacteria. 
Laboratory experiments
Similarly to the determinations in the lake water samples, the initial percentages of 'active' bacteria as detected by all 3 methods in the laboratory experiments were low, generally <10%. However, in contrast to our observations in lake samples, we found a very significant correlation between the percentage of CTC+ and NuCC cells in both the time course and the nutrient addition experiments (Table 5) . Somewhat weaker, but still significant, correlations were also found between the percentages of NuCC and MEM+ cells and between CTC+ and MEM+ ( 4.7 (± 3.3) 13.3 1.0 8.0 (± 7.7) 42.9 1.4 9.9 (± 6.1) 21.9 1.9 38 6.5 (± 6.3) 27.3 1.0 9.7 (± 6.5) 29.8 1.4 8.8 (± 3.1) 14.5 1.0 c data from 1 m Table 2 . Lake Kinneret samples. Relationships between parameters of bacterial activity: ETS, oxygen consumption, leucine incorporation rate, peptidase and β-glucosidase activity. Also shown are the relationships between leucine incorporation rate, chlorophyll and primary production
Time course experiments
In preliminary experiments (not shown) we found that there were no significant changes in the proportions of CTC+, NuCC or MEM+ cells to total bacterial numbers, even with the addition of tryptose or other nutrients with incubation times of less than 10 to 12 h, at temperatures ranging from 20 to 25°C. Unsupplemented, GF/C-filtered lake water samples showed a trend to higher DAPI bacterial counts and relative proportions of active bacteria (ranging from 1.5-to 5-fold, in 5 out of 7 time course experiments) after 20 to 24 h. Not surprisingly, when tryptose was added, much greater increases were observed in both the total and 'active' cell counts as measured by all 3 staining methods. The incorporation rate of radioactive leucine was similarly stimulated by tryptose. In the presence of the antibiotic cocktail, the increase in bacterial abundance (DAPI) and rates of leucine incorporation were considerably inhibited even with tryptose addition after 22 h (Fig. 3) . However, for 2 experiments in which incubations were continued until 40 h, we found greatly increased percentages of CTC+ and NuCC, but only a moderate increase in DAPI counts in the tryptose plus antibiotics treatments by the end of the incubation. In Table 6 we detail the increases relative to time zero in total bacterial cell counts, leucine uptake and the percentages of CTC+ and NuCC after 22 and 40 h incubation with or without added tryptose and/or the antibiotic mixture (experiment of 6 December 1999). Addition of tryptose alone gave large increases in all parameters tested except DAPI (only 3.7-fold increase) within 22 h (Table 6) . By 40 h, the 'antibiotic only' treatment also showed 3-to 6-fold rises in all parameters, the relative increases in CTC+, NuCC and leucine uptake being about twice that for DAPI counts. Combined addition of antibiotics and tryptose led to much greater increases in the percentages of CTC+ and NuCC, but not in DAPI counts or leucine uptake. 
Nutrient addition experiments
This set of experiments was intended to examine whether various nutrient supplements to GF/C-filtered lake water, followed by 24 h incubation, would affect the proportion of CTC+, NuCC or MEM+ bacteria or ETS activity. A summary of the results of 9 experiments is shown in Table 7 .
The Syto-9 Live/Dead method gave poor results in this series, and in 6 out of 9 experiments showed no consistent pattern in any of the treatments. In contrast, CTC and NuCC methods showed similar responses, at least qualitatively, in most experiments. Tryptose additions in all experiments (with the exception of CTC in September 1999) caused an increase both in total bacterial counts and in the proportion of CTC+ and NuCC cells. In about half of the experiments, relative increases in the proportions of 'active' cells were observed with additions of either nitrogen or phosphorus or both. Supplements of trace metals alone also occasionally increased the percentages of CTC+ and NuCC cells. Glucose, generally considered a very effective carbon and energy source for bacteria, only rarely stimulated the appearance of active cells. ETS activity usually increased with tryptose addition, and occasionally with added glucose or P ( Table 7) .
Impact of flagellate or ciliate grazing on proportion of active bacteria
Four experiments were made to examine the effect on percentages of active bacteria of adding an inoculum of heterotrophic flagellates (mostly Bodo sp.) or, in one experiment, ciliates (Colpoda sp.) to samples of GF/C-filtered lake water. In tests with unsupplemented lake water, we consistently observed higher levels of CTC+, NuCC or MEM+ cells within the total bacterial populations in the samples with added protists after the first day's incubation (Fig. 4) . This higher proportion of active cells was generally, but not always, maintained during the rest of the incubation. Similarly to previous experiments (see above) higher proportions of active bacteria were always found in samples with added tryptose in comparison with unsupplemented samples (Fig. 4B to D) . When both tryptose and flagellates were added, higher levels of active bacteria than in tryptose-only treatments were observed after 24 h, with some subsequent decline (Fig. 4B,D) . In the single experiment with Colpoda sp., the % of CTC+ cells with tryptose and ciliate addition only became greater than the tryptose-only sample by Day 3 (Fig. 4C) .
DISCUSSION
Proportion of 'active' to 'non-active' bacteria
Many previous studies in both marine and freshwater environments, using a variety of staining approaches have reported low percentages of 'metabolically active' compared to to- Table 7 . Response of Lake Kinneret bacteria to nutrient additions as measured by relative increase of active cells in the total population or ETS activity after 24 h incubations. Added nutrient code: T = tryptose (0.02%); G = glucose (0.02%); N = nitrogen (100 µM as KNO 3 + NH 4 Cl); P = phosphorus (10 µM as KH 2 PO 4 ); M = trace metals (see 'Materials and methods'). NA = no addition; nr = no response. Bold letters indicate an increase of >10-fold and normal font indicates an increase of > 3-fold from time zero respectively tal bacteria. For example, Porter et al. (1995) found that 93% of cells in oligotrophic lake water did not appear to be viable as indicated by the integrity of their membranes. With CTC, the proportion of bacteria in most natural environments showing respiratory activity has usually been <10% (del Giorgio & Scarborough 1995 , Choi et al. 1996 , Karner & Fuhrman 1997 , Choi et al. 1999 . Bernard et al. (2000) in an elegant study comparing the diversity of an entire bacterial assemblage with that of the actively respiring fraction and of culturable bacteria in Mediterranean coastal waters also reported that only 3% of the total bacteria were CTC+. Choi et al. (1996) , using the Molecular Probes Live/Dead kit, found that 78 to 93% of cells in samples collected in Oregon coastal seawater in late summer were membrane-damaged. With their DAPI n-propanol wash method, Zweifel & Hagström (1995) observed that from 68 to 98% of coastal bacterioplankton did not appear to have DNA organized in a nucleoid region. Heissenberger et al. (1996) found that in a marine, free-living bacterial community, 34% of cells appeared to be intact, 42% exhibited damaged cell wall and membranes, and 24% of cells appeared to lack any internal structure. There are, however, also reports of higher proportions of active bacteria. Del Giorgio et al. (1997) , using Molecular Probes stains Syto-13 and Topro-1 for flow cytometric detection of total bacteria and membrane-damaged bacteria respectively, reported that only 10 to 15% of cells appeared to be damaged in the epilimnetic waters of a number of lakes. Nevertheless, in most aquatic environments, usually a small fraction of the total bacterial population appears to be active by the above criteria at any given time. The present study corroborates these previous findings, in that there were low proportions of active relative to non-active bacteria in samples from Lake Kinneret taken at all seasons and at 3 depths in the pelagic water column (Table 1, Fig. 2 ). This was observed with 3 independent staining methods that measure different aspects of cellular activity or integrity. We note, however, that much higher levels of 'active' bacteria have been observed with other techniques. For example, Grossart & Azam (pers. comm.) have noted higher percentages of motile bacteria than CTC+ cells in the same samples. Using autoradiography, Ouverney & Fuhrman (1999) found that a high proportion of the total bacterial population at 2 coastal sites in southern California incorporated radioactive substrates and Karner & Fuhrman (1997) observed much higher percentages of cells which took up radioactive amino acids than CTC+. Motilty and substrate uptake are undoubtedly attributes of metabolically active cells but may actually require only low levels of energy expenditure. The relative proportions of bacteria showing various characteristics of activity to the total bacterial assemblage (e.g., as determined by DAPI) will certainly be different depending on environmental conditions (temperature, substrate availability, etc.) and sample source. Since bacteria in aquatic environments show a wide range of metabolic activity states, from highly to very weakly active, to dormant (i.e., capable of reactivation under suitable conditions) or dead (i.e., with no hope of resurrection), there is unlikely to be any single criterion that can be used to characterize unequivocally live or metabolically active bacteria. Although all 3 of the methods that we used to assess 'active' bacteria in samples taken directly from the lake gave consistently low values, no significant correlations were found between these techniques. However, this was not the case when comparisons were made between the results of the 3 methods obtained with laboratory experiments, which entailed relatively long incubations (20 to 40 h). In these experiments, much higher percentages of 'active' bacteria were observed with all 3 methods, evidently due to bacterial outgrowth during the incubations after a lag of some 10 to 12 h. This wider spread of percentages of active bacteria led to significant linear relationships between the methods (Table 5) .
The results of this study support the suggestion by Sherr et al. (1999b) that CTC staining based on a protocol of short (2 to 3 h) incubations with 5 µM CTC detects only the most highly active of the 'metabolically active' or living cells (in this case, active in terms of their electron transfer system). Nevertheless, as these authors have pointed out, the CTC method can be useful to gain some idea of the levels of highly active bacteria within natural populations and to follow changes in the active cell fraction subsequent to environmental perturbation (e.g., by nutrient inputs or grazing).
The greatest variability in results in this study was observed with the Live/Dead assay, especially in the nutrient addition experimental series. Although this method works well with bacteria in cultures and has been used in marine environments (Choi et al. 1996 , Gasol et al. 1999 ), it appears to be somewhat less successful when applied to heterogeneous freshwater bacterial populations. The NuCC method tended to give results similar to CTC and has the advantage of not requiring any incubation step before fixing the samples. It thus avoids problems associated with the potential toxicity of CTC (Ullrich et al. 1996 (Ullrich et al. , 1999 . The CTC method, however, has the advantage that positively stained bacterial cells can be detected with greater sensitivity and counted with flow cytometry. Indeed, Sieracki et al. (1999) have shown that flow cytometric analysis consistently gives higher percentages of CTC+ cells compared to microscopic analysis.
It seems reasonable to assume, therefore, that the CTC results in this study are probably underestimates of the fraction of highly active bacteria in the lake waters.
The apparently low percentage of actively metabolizing bacteria observed in Lake Kinneret throughout the year and at all water column depths was consistent with the results generated by a recent carbon flux model for Lake Kinneret (Hart et al. 2000) . In the published data for this model unrealistically high values for the ratios of bacterial biomass to production (B/P) were given, averaging 6.7, 3.4, 8.3 and 11.8 for spring, summer, fall and winter seasons respectively. However, these B/P values were probably based on erroneously high values for bacterial cell carbon, and, even more significantly, on the assumption that all bacterial cells counted with DAPI were active. If we assume that no more than ~20% of total bacterial cells were in fact metabolizing, and correct the cell biomass values based on a carbon content of ~30 fg C cell -1 (Lee & Fuhrman 1987 , Fukada et al. 1998 , then the B/P ratios become much more reasonable for actively metabolizing cells (B/P between 0.3 and ~1.0).
Metabolic activity parameters
We found reasonably close correlations of ETS activity with other frequently used determinants of microbial activity; direct O 2 consumption, peptidase and β-glucosidase enzymatic activity (Table 2 ). Our results suggest that ETS measurements can serve as a good proxy for overall bacterial activity in bulk water but of course they give no detailed information concerning phylogenetic groups or the fraction of active bacteria within the microbial assemblage. Note however that in our case there was no relationship between ETS and bacterial productivity as measured by leucine incorporation.
Leucine incorporation rates correlated well with both chlorophyll concentrations and photosynthetic carbon fixation rates (Table 2 ), but not with algal wet weight biomass, similarly to previous observations in Lake Kinneret (Berman unpubl.) and in many other aquatic environments (Cole et al. 1988 , Billin et al. 1990 . It is noteworthy that we found that leucine incorporation rates correlated significantly with peptidase but not with β-glucosidase enzyme activities.
The ETS activity measured in the GF/C-filtered lake samples was directly related to the numbers of CTC+ and NuCC cells but not to the total (DAPI) bacteria. This would support the premise that only the more active fraction of the bacterial population was responsible for most of the bacterial respiration. Neither leucine incorporation rates nor peptidase activity correlated with the numbers of CTC+, NuCC or MEM+ bacteria. Peptidase activity was significantly directly correlated to the counts of total (DAPI) bacteria, but not to CTC+ or NuCC cell numbers, suggesting that this enzyme is expressed not only by strongly active cells but also by weakly metabolizing bacteria (e.g., cells in a state of starvation-survival, Morita 1997) or even by moribund bacteria. No significant relationship was found between any of the metabolic activity parameters and MEM+ cells.
Our observation that β-glucosidase activities were generally higher than those of peptidase (Table 3) confirms previous work of Simon et al. (2000) . These investigators showed that this pattern was characteristic for Lake Kinneret, where a relatively high level of polysaccharide input was expected. In contrast, they found that proteinase activities tended to be higher than β-glucosidase in Lake Constance, where proteinaceous inputs may be more important.
Lipase activity was always detectable in the lake water although at somewhat lower levels than the other enzymes monitored (Table 3) . We have no information about the potential importance of these 'free dissolved' lipases in the recyling of lipid-containing organic matter in lake water.
Time course and nutrient addition experiments
In the time course experiments (Fig. 3, Table 6 ) it was not surprising that the addition of tryptose, after an initial period of 10 to 15 h, always gave a dramatic increase in bacterial numbers, rates of leucine uptake and in the percentages of CTC+ and NuCC bacteria. In this case, we suspect that the tryptose addition may have caused selective growth of one or more species of bacteria rather than of the entire initial assemblage (see below). However, our results from samples to which antibiotics were added would indicate that, even when bacterial replication was strongly inhibited, a sizable proportion of the bacteria that appeared to be inactive initially were capable of 'switching on' and being detected as 'active' cells.
This phenomenon was first reported by Choi et al. (1999) for a coastal marine environment. Presumably in most natural aquatic environments such situations are quite transient, and the normal state is that only a relatively low percentage of total bacteria are highly metabolically active at any given time. In this experiment (Table 6) , after 40 h, leucine incorporation was also stimulated in samples with added antibiotic, despite the relatively low increase in cell multiplication that should normally accompany protein synthesis. Possibly, in this case, protein synthesis may have led to an increase of cell biovolume but not of abundance.
The results from the nutrient addition experiments consistently showed strong stimulation by tryptose of the fraction of CTC+, NuCC or MEM+ bacteria and of ETS activity after 24 hincubation (Table 7) . Frequently P or N or both nutrients increased the proportional abundances of CTC+ or NuCC cells, without any apparent seasonal pattern (Table 7) . It is curious that in these experiments, glucose elicited much lower responses than the tryptose (protein hydrolysate) despite the generally greater activities of β-glucosidase than proteinase usually observed in the lake water (see above and Simon et al. 2000) .
It would probably be erroneous to infer any pattern of in situ nutrient limitation of bacteria in Lake Kinneret solely from this set of experiments. The addition of various nutrient supplements may have given a selective advantage to specific groups within the initial bacterial assemblage that responded by increasing their numbers during the incubation period. This possibility can only be resolved if the phylogenetic composition of the bacterial assemblage is determined initially and at the end of the incubation. The application of molecular biological techniques to identify the changes in specific groups of bacteria taking place in time course and nutrient addition experiments (Amann et al. 1995 , Ouverney & Fuhrman 1999 , Cottrell & Kirchman 2000 will undoubtedly provide more precise details of nutrient limitation in natural microbial assemblages.
Impact of protists on proportion of active bacteria
There is evidence indicating that flagellates and other micrograzers preferentially graze metabolically active (e.g., growing or CTC+) cells (Sherr et al. 1992 , Gonzalez et al. 1993 , del Giorgio et al. 1996 , which would tend to decrease the proportion of active cells in the bacterial population. On the other hand, the recycling of nutrients due to protistan excretion might serve to stimulate bacterial growth and to increase the fraction of active bacterial cells. From the results of our experiments with the addition of flagellates or Colpoda sp. to GF/C-filtered Lake Kinneret water it appeared that the second process prevailed, at least during the initial incubation period. As shown in Fig. 4 , samples to which protists were added consistently showed higher percentages of 'active' bacteria after 24 h.
A dramatic rise in the percentages of 'active' bacteria (similar to that previously observed) was also seen in this experimental series when bacterial growth was stimulated by the addition of a complex organic nutrient (tryptose). When flagellates were also added to tryptose-supplemented lake water, even higher proportions of the total bacterial population appeared to be active after 24 h. In the case of added tryptose and ciliates (Colpoda sp.), the fraction of CTC+ bacteria only became signifcantly higher than in the tryptoseonly sample after 3 d (Fig. 4C) . Thus it appears that the impact of protist grazing is indeed to increase the numbers of active bacteria, i.e., grazing tends to keep the bacterial community in a state of active growth, at least during the initial stages of the predator-prey interaction. This result supports the earlier finding of Sherr et al. (1982) that flagellate grazing stimulated the rate of degradation of phytoplankton detritus by Lake Kinneret bacteria.
Conclusion
Clearly each of the 3 methods used here to detect 'active' or living cells measures a different attribute of the physiological status of bacteria. Different aspects of bacterial activity, such as motility and substrate uptake, can be detected by other methods. Usually, it appears that only a relatively small proportion (perhaps not more than at most 20%) of the total bacterial population in natural waters is 'active' by the criteria of the assay methods used in this study. Nevertheless, our results support the idea that even apparently inactive bacteria can become highly active under appropriate conditions (Choi et al. 1999 ). This 'switching on' might occur as a result of nutrient inputs caused by upwelling events, or on a more localized scale, because of inputs from protistan or zooplankton excretion or sloppy feeding (Jumars et al. 1989) or from algal cell lysis (Agusti et al. 1998 ).
As we have emphasised, there are different criteria for characterizing a bacterial cell as 'active'. Thus, we can envisage natural bacterial populations as a kaleidoscope image, with various components functioning at different degrees of activity at any given moment, constantly modulating their physiological activities to the exigencies of the environment. Del Giorgio & Cole (2000) have proposed that the co-existence of sub-populations of highly active and slow-growing cells can explain the typically low growth efficiencies observed for bacterioplankton communities in aquatic environments. The complications presented by having a more realistic picture of a heterogeneous bacterial population, not only in terms of phylotype but also in levels of metabolic activity, will need to be incorporated into our perceptions of aquatic ecosystems.
